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ABSTRACT
We extend our previous work on simulations with the code ramses on accretion
driven turbulence by including self-gravity and study the effects of core formation and
collapse. We show that radial accretion onto filaments drives turbulent motions which
are not isotropic but radially dominated. In contrast to filaments without gravity,
the velocity dispersion of self-gravitating filaments does not settle in an equilibrium.
Despite showing similar amounts of driven turbulence, they continually dissipate their
velocity dispersion until the onset of core formation. This difference is connected to the
evolution of the radius as it determines the dissipation rate. In the non-gravitational
case filament growth is not limited and its radius grows linearly with time. In contrast,
there is a maximum extent in the self-gravitational case resulting in an increased
dissipation rate. Furthermore, accretion driven turbulence shows a radial profile which
is anti-correlated with density. This leads to a constant turbulent pressure throughout
the filament. As the additional turbulent pressure does not have a radial gradient it
does not contribute to the stability of filaments and does not increase the critical line-
mass. However, this radial turbulence does affect the radius of a filament, adding to the
extent and setting its maximum value. Moreover, the radius evolution also affects the
growth timescale of cores which compared to the timescale of collapse of an accreting
filament limits core formation to high line-masses.
Key words: stars:formation – ISM:kinematics and dynamics – ISM:structure
1 INTRODUCTION
Turbulent motions are a key feature in the highly complex
dynamics of the interstellar medium (ISM) as demonstrated
by the famous ”Larson’s Laws” (Larson 1981). Line observa-
tions of molecular clouds show a direct correlation between
size and molecular linewidth which is usually interpreted as
a consequence of a Kolmogorov-like turbulent cascade from
supersonic motions on the scale of a tens of parsec sized
molecular cloud down to the sonic point on the scale of par-
sec sized filaments (Kolmogorov 1941; Kritsuk et al. 2013;
Federrath 2016; Padoan et al. 2016). As density structures
are formed by the collision of supersonic flows in the tur-
bulent cascade, the transition from supersonic to subsonic
motions is essential for setting the scale at which turbulence
stops to dominate and the first subsonic density structures
form.
Dust observations show that filamentary structure is
? E-mail: heigl@usm.lmu.de
ubiquitous on parsec sized scales in star-forming, as well as
quiescent, molecular clouds and directly associated with core
formation in filaments with supercritical line-masses (Andre´
et al. 2010; Arzoumanian et al. 2011; Andre´ et al. 2014). The
fact that these supercritical filaments show an increasingly
supersonic internal velocity dispersion for larger line-masses,
has been interpreted as a consequence of their gravitational
collapse (Arzoumanian et al. 2013). However, molecular line
observations have shown that some filaments are actually
made up of bundles of velocity coherent subcomponents in
the line-of-sight velocity called fibres (Hacar et al. 2013,
2018) which also form in numerical simulations (Smith et al.
2014; Moeckel & Burkert 2015; Clarke et al. 2017). While
these subcomponents show trans- or subsonic linewidths,
here relative motions create supersonic linewidths in spec-
trally low resolved superposition. Moreover, filaments which
do not show any substructure are observed to be inherently
subsonic (Hacar & Tafalla 2011; Hacar et al. 2016a).
Two methods have been proposed to explain the forma-
tion of fibres. On the one hand, simulations by Smith et al.
© 2018 The Authors
ar
X
iv
:2
00
4.
13
73
6v
1 
 [a
str
o-
ph
.G
A]
  2
8 A
pr
 20
20
2 S. Heigl et al.
(2016) showed that the subcomponents form first in collaps-
ing clouds as a consequence of the turbulent cascade and are
collected into individual filaments by large scale motions.
This process is known as the ”fray and gather” scenario.
One the other hand, in the ”fray and fragment” scenario
proposed by Tafalla & Hacar (2015), the formation of fi-
bres is explained by the sweep-up of residual motions inside
a filament itself. Together with gravity, these motions con-
centrate material into subsonic velocity coherent entities in
which core fragmentation takes place. Clarke et al. (2017)
pointed out that this model relies strongly on the vorticity
of the gas in order to work. If the vorticity of two nearby
regions is anti-parallel, the resulting flow compresses gas to
the interface between the regions and thus leads to an over-
dense fibre.
As indicated by Hacar et al. (2016b), there are two dis-
tinct modes of turbulence. On the one hand, there is the
classical microscopic turbulence where the density and veloc-
ity fields are continuous and isotropic as in the Kolmogorov
model. On the other hand, the macroscopic turbulence ob-
served in filaments containing fibres is created by multiple
discreet overdensities with internal velocity dispersions of
about the sound speed moving with supersonic motions rela-
tive to each other. However, care has to taken in interpreting
the observations of fibres. As noted by Zamora-Avile´s et al.
(2017) and Clarke et al. (2018), velocity coherent structures
in position-position-velocity space do not necessarily repre-
sent physical density structures in position-position-position
space.
Nevertheless, in the absence of a driving source, tur-
bulent motions decay on the timescale of a crossing time
(Mac Low et al. 1998; Stone et al. 1998; Padoan & Nord-
lund 1999; Mac Low 1999; Mac Low & Klessen 2004). This
timescale can be very short for filaments if one assumes the
driving scale is given by the filament diameter. In a first
study (Heigl et al. (2018a), hereafter called paper I), we
used an external accretion flow motivated by the filaments
self-gravity to provide a driving source of turbulence. While
we explored the effects of accretion driven turbulence on
non self-gravitating filaments, we now take self-gravity and
core formation into account. Observationally, accreting ma-
terial is expected to flow along striations, weak filamentary
density enhancements perpendicular to the filaments and
aligned with the magnetic field, and have accretion rates of
the order of 10−100 M pc−1 Myr−1 (Palmeirim et al. 2013;
Cox et al. 2016) and infall velocities of the order of 0.25−1.0
km s−1(Kirk et al. 2013; Palmeirim et al. 2013). Indepen-
dent of their formation process, we show that as long as a
filament is embedded in surrounding material, self-gravity
leads to a continuous inflow onto the filament which causes
the creation of turbulent motions.
In the following sections, we first introduce the basic
concepts that we apply to our model (section 2). There-
after, we discuss the numerical set-up of our simulations
(section 3). Then we present our findings (section 4) and
discuss the implications for core formation (section 5). Fi-
nally, we summarize our findings (section 6).
2 BASIC CONCEPTS
This section presents the fundamental principles which we
use to derive our models. We discuss the theoretical hydro-
static profile of filaments and how filaments behave in an am-
bient medium. Then we derive expected accretion rates onto
filaments motivated by their self-gravity and how the accre-
tion affects their radii. Finally, we present a simple model
of how accreted kinetic energy is transformed into turbulent
velocities and how they are able to add pressure support.
2.1 Hydrostatic equilibrium
We use the isothermal and hydrostatic equilibrium model of
a filament with a density profile described by Stodo´lkiewicz
(1963) and Ostriker (1964):
ρ(r) = ρc(
1 + (r/H)2
)2 (1)
where r is the cylindrical radius and ρc is its central density.
The radial scale height H is given by the term:
H2 =
2c2s
piGρc
(2)
where cs is the isothermal sound speed and G the gravi-
tational constant. For our simulations we assume that the
isothermal gas has a temperature of 10 K. With a molecular
weight of µ = 2.36 the isothermal sound speed is cs = 0.19
km s−1. The critical line mass above which a filament will
collapse under its self-gravity is calculated by integrating the
profile to r →∞:(
M
L
)
crit
=
2c2s
G
≈ 1.06 · 1016g cm−1 ≈ 16.4 M pc−1. (3)
Filaments with a lower line-mass than the critical value ex-
pand as long as there is no outside pressure. If one now
assumes the filament is embedded in an ambient medium
with a source of external pressure pext, the filament radius
and line-mass are limited and one can introduce the param-
eter fcyl which is a measure of how close to the critical value
the filament is:
fcyl =
(
M
L
)
/
(
M
L
)
crit
. (4)
It varies from 0 for a non-existing filament to 1, where a
filament has exactly its critical line-mass. As shown by Fis-
chera & Martin (2012), the radius R of the filament is then
given by the position where the internal pressure matches
the external pressure and can be expressed as:
R = H
( fcyl
1 − fcyl
)1/2
. (5)
Together with the relation between the central density ρc
and the density on the boundary of the filament,
ρc =
ρ(R)
(1 − fcyl)2
, (6)
one can write the radius as function of the boundary density:
R =
(
2c2s
piGρ(R)
(
fcyl(1 − fcyl)
))1/2
. (7)
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For a given boundary density, the radius has a maximum at
fcyl = 0.5 with a symmetric drop-off to zero at fcyl = 0.0
and fcyl = 1.0. The boundary density ρ(R) depends on the
outside pressure and thus on the mechanism responsible for
the pressure. One possible source of pressure is the thermal
pressure of the surrounding medium itself. If the density on
the outside of the surface is given by ρext and the medium
can be assumed to be isothermal with sound speed cs, the
pressure acting onto the surface is:
pext = ρextc2s . (8)
If both, the filament and the surrounding gas, have the same
temperature then the boundary density ρ(R) and the density
of the surrounding gas are the same. Different temperatures
however, lead to a jump in density in order to establish hy-
drostatic equilibrium.
2.2 Filament accretion
Another possible source of outside pressure is accretion of
material onto the filament. We are particularly interested in
accretion due to the gravitational potential of the filament
itself. The gravitational acceleration of a cylindrical distri-
bution of mass with a given line-mass M/L is (Heitsch et al.
2009):
a = −2GM/L
r
. (9)
The potential energy that a gas parcel with mass m loses
in free-fall when starting with zero velocity at a distance R0
and accreting to the filament radius R is given by integrating
the acceleration over r:
Epot = 2Gm(M/L) ln
(
R0
R
)
(10)
This leads to the accretion velocity va at the surface R in
the case of cylindrical free-fall:
va = 2
√
G(M/L) ln
(
R0
R
)
= 1.1 km s−1
(
M/L
16.4 M pc−1
)1/2 ( ln (R0/R)
ln(100)
)1/2
.
(11)
Assuming a reasonable filament with a radius of order 0.1
pc and a large region of gravitational influence on the scale
of a molecular cloud (a factor of a hundred times its own ra-
dius) allows us to estimate an upper limit on the accretion
velocity. A filament at 10 K needs a line mass several times
larger than the critical line-mass to achieve an inflow veloc-
ity of even Mach 10.0. In our simulations, we set the inflow
velocity to a fixed value at the inflow boundary. As the sim-
ulated domain is relatively small compared to the filament
itself and the filament is not massive enough to accelerate
accreting gas over the time it takes to reach the filament,
we can assume a constant accretion rate set by the radius of
the inflow region R0 and the density at that radius ρ0:
ÛM
L
= 2piρ0R0va . (12)
This leads to a time-independent density profile outside of
the filament,
ρ(r) = ρ0 R0r (13)
with the outside density at the filament radius R being
ρext = ρ0
R0
R
. (14)
If the inflow onto the filament is fast enough, ram pressure
will dominate over the isothermal boundary pressure. Com-
paring to Equation 8, this is the case if the inflow velocity is
greater than the isothermal sound-speed. The total external
pressure is then given by
pext = ρext
(
c2s + v
2
a
)
=
ρ0R0c2s
(
1 +M2a
)
R
. (15)
where Ma is the Mach number of the accretion flow. The
external pressure is balanced by the internal pressure of
the filament at the position of the boundary. In addition to
the thermal pressure, turbulent motions inside the filament
could be able to exert an additional turbulent component, an
assumption we test in this study. Together with a turbulent
component, the pressure equilibrium can then be written as:
ρ(R)c2s
(
1 +M2t
)
=
ρ0R0c2s
(
1 +M2a
)
R
, (16)
where Mt is the Mach number of the turbulent motions
within the filament at the boundary. Solving for the bound-
ary density and inserting the result into Equation 7 gives
the radius of a filament with an additional accretion pres-
sure and internal turbulent motions as:
R =
2c2s
(
1 +M2t
)
piρ0R0G
(
1 +M2a
) ( fcyl(1 − fcyl)) . (17)
Although the radius evolution has now lost its dependence
on the square root, the general shape of the curve remains
unchanged. There still is a maximum at fcyl = 0.5 which
only differs in its maximum value. Note that for G → 0,
Equation 17 transforms to the non-gravitational counterpart
of Equation A6.
2.3 Accretion driven turbulence
The analytical prediction of accretion driven turbulence is
based on the energy budget of accreted kinetic energy being
converted to turbulent energy and its subsequent dissipa-
tion. Following Elmegreen & Burkert (2010) and Klessen &
Hennebelle (2010), the change in turbulent energy ÛEt is given
by the energy accretion rate ÛEa and the energy dissipationÛEd:
ÛEt = ÛEa − ÛEd = (1 − ) ÛEa . (18)
The energy accretion rate is given by the accreted kinetic
energy
ÛEa = 12
ÛMv2a (19)
and the energy loss through dissipation by
ÛEd ≈
Et
τd
=
1
2
Mσ3
Ld
, (20)
where the turbulent energy is expected to decay on the
timescale of a crossing time:
τd ≈
Ld
σ
. (21)
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Elmegreen & Burkert (2010) also introduce the efficiency
factor  as fraction of accreted energy used to sustain the
turbulent motions:
 =
 ÛEdÛEa
 . (22)
Heitsch (2013) used this approach together with a driving
scale of the filament diameter Ld = 2R to calculate the ve-
locity dispersion in dependence of inflow velocity:
σ =
(
2R(t)v2a
ÛM
M(t)
)1/3
. (23)
For a linear evolution in time of the radius and mass, this re-
lation predicts a constant level of velocity dispersion which is
determined by the inflow velocity. While our simulations do
find an equilibrium in velocity dispersion, we cannot match
the scaling of the prediction. In contrast, our simulations
show a linear relation of the density weighted velocity dis-
persion and inflow velocity as shown in paper I. Note, that
any model for the scaling of velocity dispersion and inflow
velocity or even an equilibrium is directly tied to the evo-
lution of the radius. This is due to the fact that the energy
dissipation rate depends on the crossing time. Rewriting the
energy dissipation rate as
ÛEd =
1
2
Mσ3
Ld
=
1
2
ÛMσ3t
2R(t) , (24)
all terms in Equation 18 depend on the mass accretion rate
and can be simplified to
σ2 = αv2a −
σ3t
2R(t) . (25)
Here we introduce the factor α to account for energy losses in
the isothermal oblique accretion shocks at the surface of the
filament where the turbulent motions are created. In order
to reach an equilibrium velocity dispersion, all terms must
be independent of time. This is only the case under two con-
ditions. Either the radius grows linear in time as then the
dissipation rate is constant or the radius evolves superlinear
in time for which the last term vanishes at large timescales.
This explains why we have an equilibrium in the non self-
gravitational case as we find a linear time evolution of the
radius. We revisit the equilibrium level and give an expla-
nation for the scaling in the appendix. In the case including
self-gravity discussed in this paper, the radius evolves as a
complicated function of time (Equation 7) and core forma-
tion could impact the velocity dispersion substantially.
2.4 Effect of turbulence on radial stability
An important question that we want to answer is if turbu-
lence can increase the stability of filaments. Previous studies
modeled the effects of turbulence on the equation of state
either by logatropic models based on the scaling relations of
molecular clouds (Larson 1981) where pturb ∼ ln ρ (Lizano
& Shu 1989; Gehman et al. 1996a,b; McLaughlin & Pudritz
1997; Fiege & Pudritz 2000a), or negative index polytropes,
where the polytropic exponent is between zero and one, as
is the case for Alfe´nic turbulence (Maloney 1988; Fatuzzo
& Adams 1993; McKee & Zweibel 1995). One could also
assume that isotropic turbulence behaves as an additional
component to the thermal pressure and add it to the scale
height:
H2 =
2c2s
(
1 +M2t
)
piGρc
. (26)
Integrating over the filament profile as done for Equation 3,
leads to an adjustment of the critical line-mass:(
M
L
)
crit
=
2c2s
(
1 +M2t
)
G
. (27)
Thus, turbulence would be able to increase the maximum
line-mass a filament could sustain. Note that this adjustment
does not affect the formula for the radius in Equation 17 as
the additional turbulent term not only enters directly over
the scale height, but also over fcyl and thus cancels out.
However, an increased maximum line-mass would lead to an
offset to the point of the maximum radial extent from the
value 0.5 if plotted against the unadjusted maximum ther-
mal line-mass. In addition, an increased stability would lead
to a delayed collapse of cores in a filament as long as they
do not dissipate their turbulence on a much faster timescale.
Therefore, we will also directly test the impact of turbulence
by investigating the radial evolution and core collapse in fil-
aments.
3 NUMERICAL SET-UP
All our simulations were executed with the code ramses
(Teyssier 2002) which uses a second-order Godunov scheme
to solve the conservative form of the discretised Euler equa-
tions on an Cartesian grid. For our runs we applied the
MUSCL scheme (Monotonic Upstream-Centred Scheme for
Conservation Laws, van Leer (1977)) together with the
HLLC-Solver (Harten-Lax-van Leer-Contact (Toro et al.
1994)) and the multidimensional MC slope limiter (mono-
tonized central-difference (van Leer 1979)).
Our simulations cannot resolve the evolution of the
molecular cloud and the detailed velocity dispersion inside
the filament at the same time. Therefore we focus on a pre-
set converging radial flow onto a self-gravitating, isothermal
filament in the centre of the box. We use a 3D box with a
periodic boundary condition in the x-direction and outflow
boundaries in the other two directions. As ramses has no
radial boundary we define a cylindrical inflow zone with a
radius of the boxsize and a thickness of two cells from which
we drive a radial inflow onto the central x-axis of the box.
The inflow zone has a fixed density and inflow velocity which
is continuously renewed every timestep. The inflow leads to
a build-up of a filament with a radius which is limited by
gravity. The periodic boundary prevents the filament from
collapsing along its axis and prohibits the loss of turbulent
motions. As the radius does not grow to large values, we
can often optimize the resolution of our simulations and use
a boxsize of 0.4 pc which is half as large as the standard
boxsize used in paper I. Therefore, in order to keep the ini-
tial conditions equivalent to paper I, we double the outer
boundary density for the majority of our simulations to a
value of ρ0 = 7.84 · 10−22 g cm−3which corresponds to about
2 · 102 particles per cubic centimeters for a molecular weight
of µ = 2.36. While we perform simulations for inflow Mach
MNRAS 000, 1–15 (2018)
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Figure 1. Evolution of an accreting filament with an inflow velocity of Mach 6.0 and an accretion rate of 8.4 M pc−1 Myr−1. The image
shows four slices at different evolutionary times through the centre of the filament together with the directions of the local motion. In
order to improve the contrast, we excluded the ambient medium from the colour bar. The cylindrical accretion induces obvious turbulent
motions until a core is formed where the dominant velocity pattern changes to an accretion onto the core.
numbers ranging from 2.0 to 15.0, our analysis mainly con-
centrates on a reference case of a filament with an inflow
velocity of Mach 6.0 or equivalently an mass accretion rate
of ÛM/L = 16.8 M pc−1 Myr−1 as the general results do not
change with inflow velocity. We vary the mass accretion rate
onto the filament by adjusting the boundary density and for
simulations where we show the equilibrium level of turbu-
lence, we reduce the density in the inflow region to a value
which gives enough time to allow the equilibrium to settle
without the filament collapsing. We also set the initial den-
sity inside the domain to the outer boundary density and
vary the density in each cell with a random perturbation of
50%. The gas is set to be isothermal with a temperature of
10 K and the cells surrounding the inflow zone are given the
same constant density and do not affect the simulation.
The minimum resolution is set to 2563, which at this
boxsize is equivalent to the minimum resolution of about
0.002 pc used in paper I and guarantees that we resolve
the filament across its diameter with a minimum of around
50 cells at all times. We employ adaptive mesh refinement
(AMR) in order to resolve higher densities. Over the evolu-
tion of the simulation the filament stays unrefined and AMR
only plays a role in the high density cores. The maximum
resolution is set to 5123 and in such a way that we termi-
nate the simulation as soon as we do not fulfill the Truelove
criterion for the maximum density within a factor of 16 in
all simulations (Truelove et al. 1997).
4 SIMULATIONS
In this section we analyse the simulations in detail. While
we concentrate on an inflow Mach number of 6.0, we per-
formed the same analysis for all simulations ranging from
MNRAS 000, 1–15 (2018)
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Mach 2.0 to 15.0 and the results are generally valid inde-
pendent of inflow Mach number. As in paper I we study the
velocity dispersion and radius of the filament. We show the
typical evolution of a simulation in Figure 1 where we plot
slices through the central axis of the filament. As the fila-
ment grows in mass it first expands, reaches a maximum in
radius and decreases again in radius. Towards reaching the
critical line-mass of fcyl = 1.0, usually one or more cores
can be seen to condense inside the filament. Our simulation
ends when we reach the maximum allowed density due to
the Truelove criterion of around 10−17 g cm−3or 107 parti-
cles per cubic centimeter where we would need to insert a
sink particle. As the subsequent core collapse happens on
much shorter timescales than the evolution of the filament
and we do not model expected feedback from protostellar
outflows, we terminate our simulations as soon as we reach
this threshold.
In comparison with the study of a similar set-up by
Clarke et al. (2017) which used the Smooth Particle Hydro-
dynamic code gandalf (Hubber et al. 2018), the density dis-
tribution inside the filament in our study is much smoother
despite showing strong turbulent velocities. This is likely
caused by the difference in initial conditions used by Clarke
et al. (2017) which includes an initial turbulent velocity field
in the accreting flow leading to larger substructures in the
accreted material. In contrast, the turbulence in our study
is generated by oblique shocks on the surface of the filament
due to small-scale inhomogeneities on a cell-to-cell basis of
the random perturbation in the accretion flow. The outcome
reflects the distinction between the macroscopic and micro-
scopic turbulent model mentioned in the introduction as we
do not observe the formation of fibre-like structures in our
simulations but rather small-scale and continuous turbulent
density enhancements.
4.1 Evolution of the velocity dispersion
In order to calculate the velocity dispersion of the filament
gas, we need to distinguish it from the accretion flow. Due to
the formation of an accretion shock at the filament bound-
ary, there is a clear jump in density and a drop in radial
velocity of the material. However, the density inside the fil-
ament can vary considerably and therefore, instead of using
an imprecise density jump criterion, we use the change in
radial velocity as an indicator of filament material. We con-
sider a cell to be part of the filament if its radial velocity
with respect to the box centre has dropped to at least 0.9 of
its boundary value as illustrated in Figure 2. As the veloc-
ity jump is a very clear break, the calculated results do not
depend strongly on the exact value of the velocity drop as
it at most includes or excludes single cells which we confirm
via a visual inspection of the filament material.
For the determination of the velocity dispersion in paper
I, we used the standard deviation of the density weighted
velocity:
ui =
mivi
〈m〉 =
Nmivi∑
mi
=
Nmivi
M
(28)
where N is the total number of cells and 〈〉 indicates the
mean of a distribution. A more common way of defining
the velocity dispersion of gas with zero mean velocity is by
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jump criterion
Figure 2. Example velocity cuts through the centre of the fil-
ament at different positions along the filament for a Mach 6.0
inflow. We define cells belonging to the filament when the radial
velocity with respect to the box-centre falls below 0.9 times the
boundary inflow velocity. This value is shown by the dotted gray
lines. As one can see there is a strong drop in radial velocity as
soon as the accretion flow reaches the filament edge.
calculating the total kinetic energy in the gas:
σ =
√
1
M
∑
i
miv2i . (29)
In the limit that the density is constant, both ways of calcu-
lating the velocity dispersion are equivalent as the velocity
mean is zero and the standard deviation then is given by
σu =
√〈
u2
〉 − 〈u〉2 = √N2 ∑i m2i v2i
NM2
=
√
mi
∑
i v
2
i
M
(30)
where we use the definition of the total mass M = Nmi . As
the density inside a filament is not constant in our simu-
lations, we expect different measured values of the velocity
dispersions for the different methods. Especially for large
values of turbulence the differences should increase as more
and more shocks form inside the filament with larger den-
sity contrasts. For this study we use the method of the total
kinetic energy (Equation 29).
In paper I we observed that without self-gravity of the
filament gas, the velocity dispersion settles to a constant
equilibrium value over time. This behavior was also found
in the study by Clarke et al. (2017) which already included
gravity. We want to test if it is possible to reproduce the
transition to equilibrium if we include self-gravity in ram-
ses. We measure the velocity dispersion of the filament gas
for the same inflow velocity of Mach 6.0 but for different
mass accretion rates and plot the evolution in Figure 3. The
black dashed-dotted line is the evolution of the velocity dis-
persion of the non-gravitational case which has the same
mass accretion rate as our reference case of 16.8 M pc−1.
It ends in the same equilibrium value of an inflow velocity
of Mach 6.0 presented in paper I.
The solid light blue curve shows a filament with an ac-
cretion rate which is ten times lower than that of the refer-
ence case and the non-gravitational case. In contrast to the
MNRAS 000, 1–15 (2018)
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Figure 3. Evolution of the velocity dispersion for a Mach 6.0
inflow with varying accretion rate. We include a filament with-
out gravity given by the dashed-dotted line as a reference case.
The solid lines show filaments with different accretion rates. The
dashed lines are the same initial values but with a pre-existing
1/r profile inside the box which smooths out the initial accretion
shock.
non-gravitational case, the velocity dispersion continuously
drops off even if we continue the simulation to larger times.
If we increase the mass accretion rate by a factor of five, as
given by the medium blue line, or a factor of ten, as given
by the dark blue line, the velocity dispersion drops off even
faster and ends when core formation sets in where the ve-
locity dispersion increases due to collapse motions onto the
core. We use the high inflow rate case as our fiducial case
for further analysis.
We also test if our initial condition influences the evo-
lution of the velocity dispersion. Therefore, we change our
initial density profile in the box from a flat distribution to
a 1/r profile, consistent with Equation 13 as if the accre-
tion flow has already been established. The corresponding
lines are shown in Figure 3 by the dashed lines. We see
that it removes the initial spike in velocity dispersion. For
higher accretion rates the initial value from where the ve-
locity dispersion decays is lower but we also do not reach an
equilibrium value.
We also split up the velocity dispersions into its cylin-
drical components by splitting the respective velocities into
the x-component along the filament axis, the azimuthal and
the radial velocities. Their evolution is shown in Figure 4
together with the Cartesian y and z component of the ve-
locity dispersion. One can see that the turbulent motions
are dominated by the radial velocity component and also
only decay in the radial component while the other two stay
constant over time. This is due to the difference in crossing
times. Not only is the initial radial dispersion more than
twice as large as the other components but it has also the
lowest driving scale, with the azimuthal driving scale being
a factor pi larger and the driving scale along the filament
being the boxsize in theory.
Therefore, albeit seeing an equilibrium velocity disper-
sion in filaments without gravity, gravitational collapse does
influence the velocity dispersion by reducing it over time un-
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Figure 4. Evolution of the velocity dispersion of all components
for a Mach 6.0 inflow with mass accretion rate of 16.8 M pc−1
Myr−1. The total velocity dispersion is shown by the blue solid
line, the Cartesian components in y and z direction by the red
and orange dashed-dotted lines and the cylindrical components
in radial direction and in angular direction by the dashed red
and orange lines respectively. The x-component, which is valid
for both geometries is given by the blue dotted line.
til the point of core collapse where collapse motions increase
it again. This result is in agreement with Equation 25, as for
the non self-gravitational case, the radius evolves linearly,
setting a constant dissipation rate and allowing for the ve-
locity dispersion to settle to an equilibrium value. However,
for self-gravitational filaments the radius has a maximum
value and decreases again for large line-masses. This leads
to a constant change in dissipation rate and thus no equilib-
rium can be achieved.
4.2 Radial evolution
We showed that in the non self-gravitational case, the radius
evolves linearly in time and is supported by the radial tur-
bulent motions (see also Appendix A). According to Equa-
tion 7, the radial expansion is limited in the self-gravitational
prediction, reaching a maximum at fcyl = 0.5, followed by a
subsequent decrease. In order to assess the impact of turbu-
lent motions on the radial extent, we compare Equation 17
to the measured radius. If turbulence has an impact on the
scale height, one would see an off-set in the radius maxi-
mum. This off-set can be substantial, e.g. a factor of two
in the case where the velocity dispersion is larger than the
order of the sound speed. Thus, by measuring the radial evo-
lution, we can not only test the impact of turbulence on the
radius but also if it acts as additional pressure support.
Before we compare the measured radius to Equation 17,
we have to determine the turbulent Mach number at the fila-
ment boundary, asMt in the above equation is not the total
Mach number, but the one determining hydrostatic equilib-
rium at the boundary. In order to do so, we have to calculate
the radial profile of the turbulent Mach number. For large
accretion rates the filament is too thin to determine a rea-
sonable radial profile. Thus, we increase the resolution by
re-simulating our fiducial case with a four times smaller box
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Figure 5. Turbulent Mach number averaged in radial bins of our
fiducial filament with a Mach 6.0 accretion flow and an accretion
rate of 16.8 M pc−1 Myr−1 measured at different timesteps given
by the different linestyles. The total velocity dispersion is shown
in and the radial velocity dispersion in orange.
with a size of 0.1 pc. As the inflow region has a 1/r density
profile, we also have to increase the inflow density by a factor
of four in order to only simulate a zoomed-in sub-volume.
This guarantees us the same inflow conditions and accretion
rate on a smaller scale. We take each slice of the filament,
split the domain in radial bins with a width of 4 cells and
thus a physical bin size of 1.5 · 10−3 pc, subtract the mean
velocity of the bin, determine the total kinetic energy in the
bin and finally average over all slices along the filament. The
result is shown in Figure 5, where we plot both, the Mach
number of the total velocity dispersion in red and the Mach
number of the radial velocity in orange, for several different
timesteps distinguished by the different linestyles. As one
can see, the velocity dispersion is not constant throughout
the filament, but is minimal at the filament centre and has
its maximum at the boundary. This shows how turbulent
motions are stirred at the surface of the filament and dissi-
pate in the higher density layers. Over time, it is the high
density interior which looses significantly in turbulent ve-
locities. In order to calculate the predicted radius we need
to use the boundary value. In principle, one would need to
determine this value at every time step but we do not see a
significant change of the boundary value and it stays close
to constant over time. We use both boundary values, the
total and the radial Mach number, in Equation 17 and plot
the predicted radius as well as the average measured radius
against the average line-mass in Figure 6. As its value varies
along the filament as can be seen from Figure 2, the radius
itself is measured similar as the average of every slice along
the filament.
The measured radial evolution is shown by the solid red
line, the case of no turbulent support as the dashed curve,
the case of radial turbulent pressure support as the dashed-
dotted line and the case of total turbulent pressure support
as the dotted curve. The measured radius follows closely
the radial turbulent support model. Note, that the same is
true in the non self-gravity case in Figure A1. Only the ra-
dial motions contribute to the hydrostatic equilibrium. One
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Figure 6. Evolution of the measured average radius of a filament
with a Mach 6.0 accretion flow and an accretion rate of 16.8 M
pc−1 Myr−1 compared to the average line-mass. The curve ends as
soon as the core reaches the critical line-mass and collapses. The
analytical evolution of the radius (Equation 17) without turbulent
pressure contribution is shown by the dashed line, with radial
turbulence support as the black dashed-dotted line and with total
turbulence support as the black dashed-dotted line.
can see that the curve reaches its maximum value at about
fcyl = 0.5. It is important to note, that while turbulence
does influence the maximum radius, it does not, or at most
only marginally, affect the maximum line-mass and thus the
point of where the radius reaches its maximum. According
to Equation 27, we would expect a maximum line-mass of
twice the isothermal maximum mass given the velocity dis-
persion created by an inflow velocity of Mach 6.0. Thus, the
radial evolution should peak at a unadjusted value of about
fcyl = 1.0. Therefore, there is no indication of radial pressure
support against gravity by turbulence as is consistent with
the radial collapse discussed in the next section.
4.3 Core collapse
We showed that turbulence does not have an effect on where
the radial evolution has its maximum with respect to the
filament line-mass. Therefore, we assume that there is no
additional support against radial collapse which we test by
analysing the growth of the forming core and whether or
not it collapses at the critical line-mass. We plot the line-
mass at the position of the core against time in Figure 7.
In Heigl et al. (2016) we showed that the radial collapse of
the core is visible in the non-linear evolution of the line-
mass. If turbulence indeed plays a role for the stability of
a filament, we expect an offset from fcyl = 1.0 with respect
to the line-mass growth change from linear to non-linear. If
we adapt Equation 27, we predict a shift in the critical line-
mass to at least double the usual value for turbulent Mach
numbers of the same order as the sound speed. As one can
see from the form of the curves, a non-linear evolution sets
in as soon as the local line-mass at the position of the core
exceeds the critical line-mass determined without turbulent
support. This shows again that turbulence in our simulations
MNRAS 000, 1–15 (2018)
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Figure 7. Time evolution of the maximum line-mass for different
inflow Mach numbers. Due to the increasing mass in the filament,
the maximum line-mass grows linearly. As soon as it reaches the
unmodified critical line-mass at a value of 1.0, the core at this
position collapses radially as can be seen in the non-linear evolu-
tion.
does not have a supporting effect on the line-mass, consistent
with the findings of the radial evolution.
4.4 Why is there no pressure support?
In order to determine why there is no pressure support, we
analyse the pressure profile of our high resolution fiducial fil-
ament as we did for the turbulent Mach number in Figure 5.
We distinguish between cells that are part of the filament
and others which trace the accretion flow by using the same
method of determining the filament radius by the jump in
radial velocity as mentioned above. As the filament radius is
not uniform as can be seen in the example cuts in Figure 2,
there is an overlap region where cells of both regions are
present. We calculate the respective pressures with cells of
the respective region and cells only contribute to the respec-
tive pressure on an individual basis. For the turbulent pres-
sure we use only cells tracing the filament and determine the
average density and kinetic energy in each bin i from which
we calculate the pressure as 〈ρi〉 σ2i and then average over all
slices. For the ram pressure we determine the average den-
sity and radial velocity in the accretion flow and calculate
the ram pressure as 〈ρi〉
〈
vradi
〉2
and then average over all
slices. The resulting pressure components are shown in Fig-
ure 8. The thermal pressure is given by the black dashed line,
the ram pressure by the black dotted line, the total and ra-
dial turbulent pressure by the red and orange dashed-dotted
line respectively and the combined thermal plus turbulent
pressure by the respective solid line. The overlap region is
illustrated by the dotted ram pressure line extending into
the filament pressure over a broad range around the mean
radius of about 0.03 pc.
We already showed in the last subsection that the ra-
dial turbulent motions provide the hydrostatic equilibrium
together with the ram pressure. This can be seen also in
the pressure directly, where the combined thermal plus ra-
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Figure 8. The different pressure contributions averaged in radial
bins of our fiducial filament with an accretion flow of Mach 6.0
and an accretion rate of 16.8 M pc−1 Myr−1 measured at 0.5
Myrs. The black dashed line shows the thermal pressure of the
filament gas and the black dotted line the ram pressure in the
accretion flow. The turbulent pressure is given by the dashed-
dotted lines and the sum together with the thermal pressure to
show the total filament pressure by the solid lines: for the total
velocity dispersion in red and for the radial velocity dispersion in
orange.
dial turbulent pressure given by the orange solid line exactly
balance the ram pressure in the overlap region. In contrast,
the total turbulent pressure provides a pressure which is too
large for an equilibrium. Moreover, one can see that the ac-
cretion driven turbulence, given by the dashed-dotted lines,
distributes itself over the filament in a way that the tur-
bulent pressure component is constant throughout the fila-
ment. In the context of large-scale in comparison to small-
scale turbulence discussed in the introduction, it seems to
resemble the classical Kolmogorov model as it does not form
overdense regions of different levels of turbulence. This leads
to the fact that the pressure profile of the filament is only
shifted to an overall larger pressure by a constant value due
to turbulence as can be seen in the figure by comparing the
dashed black and the solid orange line. One can interpret
this as a shift in the isothermal equation of state to include
a constant offset:
p = ρc2s + p0, (31)
which does not change the solution of the isothermal, cylin-
drical Lane-Emden equation, as the hydrostatic equilibrium
depends only on the gradient of the pressure. The scaling of
the profile does not change and thus the maximum line-mass
remains the same.
This effect can also be seen in the radial density profile
in Figure 9. Here we show the measured density averaged
over all slices along the filament as the solid red line. Ad-
ditionally, we overplot the different expected density pro-
files, once with a turbulent pressure contribution as given
in Equation 27 shown as the dotted line and once with-
out an additional pressure as given by the dashed line. For
both cases we use the central density to normalise the scale
height. One can see that the measured profile follows the
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Figure 9. The measured density profile constructed from aver-
aged radial bins of our fiducial filament at 0.5 Myrs, the timestep
when the radius reaches its maximum extent. The black dashed
line shows the measured density of the filament gas while the
dashed and dotted gray lines show the corresponding density pro-
files using the same central density as the measured profile. The
dashed line is given by the unchanged Ostriker scaling and the
dotted line is given by including an additional pressure contribu-
tion. The dashed-dotted gray line shows the best fitting plummer
model with an exponent of -3.86. We also show the radial extent
we would expect without any turbulent pressure contribution as
given by the dashed black line (see also Figure 6).
unmodified density almost perfectly albeit there is a slight
offset due to what seems to be a small over-density in the
centre of the filament skewing the resulting profile. In order
to check if the accretion changes the slope of the profile, we
also fit a plummer profile to the measured density which is
free to vary in the central density, in the scale height and
in power. The best fitting model is given by the dashed-
dotted line and shows an exponent of 3.86 which is very
close to the analytic value of 4. Thus, the profile is softened
barely by the accretion process. As the boundary pressure of
the filament is larger, it extends further into the surround-
ing medium. This is demonstrated by the vertical dashed
black line which shows the extent of the filament we would
expect lacking any internal turbulent pressure. Note, that
turbulence thus can influence the absolute value of the scale
height by setting the central density via the radial extent,
but it does not change the general scaling of the profile and
therefore is not added as isotropic pressure contribution to
the sound speed.
5 THEORETICAL IMPLICATIONS FOR CORE
FORMATION
In all our simulations independent of the inflow Mach num-
ber, the radial velocity dispersion at the filament boundary
amounts to about 0.85 times the total equilibrium veloc-
ity dispersion of the non self-gravitational case for which
a functional form can be found in the appendix. Thus, we
can calculate the theoretical radius and central density of
the filament at every line-mass and therefore we can make
predictions on the fragmentation length and time-scales of
cores forming in an accreting filament using the gravitational
fragmentation model. This model was successfully applied to
explain several observed core distances (Jackson et al. 2010;
Miettinen 2012; Busquet et al. 2013; Beuther et al. 2015;
Contreras et al. 2016; Heigl et al. 2016; Kainulainen et al.
2016) however it is not able to explain all observations (An-
dre´ et al. 2010; Kainulainen et al. 2013; Takahashi et al.
2013; Lu et al. 2014; Wang et al. 2014; Henshaw et al. 2016;
Teixeira et al. 2016; Kainulainen et al. 2017; Lu et al. 2018;
Palau et al. 2018; Williams et al. 2018; Zhou et al. 2019). It
predicts that small density perturbations in the linear regime
along the filament axis of the form:
ρ(r, x, t) = ρ0(r) (1 +  exp(ik x − iωt)) (32)
will grow for values of k where the dispersion relation ω2(k) is
negative. Here ρ0 is the unperturbed initial density, k = 2pi/λ
is the wave vector with λ being the perturbation length, x is
the filament axis, ω = 1/τ is the growth rate with τ being the
growth timescale, t the time variable and  the perturbation
strength. The fastest growing, or dominant, fragmentation
length scale λdom as well as the growth timescale of the dom-
inant mode τdom depend on the current line-mass as well as
the current central density of the filament and are given by
the pre-calculated (Nagasawa 1987) and interpolated values
in Fischera & Martin (2012), shown by their table E.1. We
use these values to determine the length scale of the fastest
growing mode at every line-mass for the same mass accre-
tion rate but for different inflow Mach numbers as shown
in Figure 10. As one can see, the dominant fragmentation
length changes over the evolution of the line-mass. At the
boundary values it vanishes to zero and it has a maximum at
about fcyl = 0.4. The figure is self-similar for different mass
accretion rates, with a lower rate leading to a larger domi-
nant fragmentation length. For a constant accretion rate, the
fragmentation length does not vary much for different inflow
Mach numbers. Only for large and for very low inflow Mach
numbers, the fragmentation length is slightly larger. As the
dominant fragmentation length is constantly changes as fcyl
grows, it is hard to make predictions of what will be the
final distance between forming cores. But the curves have a
maximum which allows us to make a prediction about the
minimum number of cores that will form. For instance, a
filament with an inflow Mach number of 4.0 and a length of
0.2 pc will form at least one core. As soon as the first core
forms, the further evolution of the filament is also influenced
by the gravitational attraction of the core. This makes the
formation of additional cores even more unpredictable.
We can get some further constraints form calculating
the core growth time. As the filament grows in mass, we
assume that cores are seeded at each line-mass on the tem-
porary dominant wavelength with a perturbation strength of
0.09 given by the standard deviation of observed line-masses
in the study by Roy et al. (2015). In order for cores to be
observed at a certain distance, the cores have to grow faster
than the filament itself lest their local line-mass enhance-
ment is overtaken by the overall line-mass growth of the
filament. The limit of this growth is the critical line-mass
where the cores locally collapse radially and which value
they have to reach before the overall filament in order to be
observable as cores. Therefore, we compare the timescale of
the overall filament to reach the critical line-mass via accre-
MNRAS 000, 1–15 (2018)
Accretion driven turbulence in filaments 11
0.0 0.2 0.4 0.6 0.8 1.0
fcyl
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
Do
m
in
an
t f
ra
gm
en
ta
tio
n 
le
ng
th
 [p
c] Mach 2.0
Mach 4.0
Mach 6.0
Mach 10.0
Mach 15.0
Figure 10. The dominant fragmentation length as a function of
the line-mass for the same mass accretion rate of 16.8 M pc−1
Myr−1 but for different inflow Mach numbers.
tion to the timescale the cores would need to reach this value
if they would continue growing on the dominant timescale.
This means we solve the equation of the growth of the line-
mass for the time t where the line-mass enhancement reaches
a value of one:
fmaxcyl (t) = f 0cyl (1 +  exp(t/τdom)) = 1.0, (33)
where f 0
cyl
is the unperturbed line-mass at the beginning of
the growth of the respective fastest growing mode. One also
has to assume a perturbation strength  which we set to
0.09 as mentioned above. Note, that the dominant timescale
grows to longer values as the filament evolves as it is only
dominant for the initial line-mass where the cores start grow-
ing. Therefore, our calculation represents the most opti-
mistic case and the time to reach the critical line-mass is
only a lower boundary.
The result of this calculation is shown in Figure 11.
The filament is accreting mass at a constant rate, thus the
time for to reach the maximum line-mass is decreasing lin-
early as shown by the black dotted line. As one can see, the
growth timescale of a core is larger than the filament collapse
time for the majority of its evolution. The dominant growth
timescale is shorter for large central densities as is the case
at very low and high values of fcyl where the filament is
centrally concentrated. The upper value of fcyl where the
growth time curves intersect the collapse timescale of the
filament is approximately where we also typically observe
core formation in our simulations. For lower values of fcyl we
never see any core formation occurring. We do see local over-
densities on very small length scales similar to random noise
but no real core forms. As the dominant length scale changes
over time, any pre-existing overdensity is washed out. This
changes for high line-masses as here the cores form local
overdensities which large gravitational attraction suppresses
the further change of the dominant mode. The timescale to
reach the critical line-mass is very small and the collapse of
the core is irreversible.
However, filaments of seed line-masses of values lower
than 0.5 theoretically could never reach the critical line-mass
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Figure 11. The dominant fragmentation time compared to the
collapse time of a filament as a function of the line-mass. The
dashed line shows the remaining time to reach a value of fcyl = 1.0
compared to the time it takes a growing core to reach the same
value at each line-mass. Only at values of fcyl ≈ 0.7 and above,
cores have time to form before the filament collapses.
in the linear regime as the linear model allows at most an
increase of the local line-mass of a factor of two. There are
non-linear effects where it could accrete mass from all over
the filament (Heigl et al. 2016) but here we assume it con-
tinues to grow in the linear regime and the additional mass
is provided by the filament accretion. Nevertheless, we also
show the timescales to reach the theoretical maximum local
line-mass given by the dashed lines. Note, that if we cal-
culate the timescale the overall filament needs to reach the
same value from the same initial line-mass, it is always faster
than the cores themselves.
As in the case of the fragmentation length, the growth
timescale is self-similar. A larger mass accretion rate only
shortens the growth time as well as the time for the filament
to reach the maximum line-mass in the same manner. Note,
that this relation therefore also holds true for an increasing
inflow velocity due to a growing line-mass. This implies that
if cores are observed in an accreting filament, it is more
likely to have a line-mass closer to the maximum line-mass.
From the results of Heigl et al. (2018b) which show that
cores forming in high line-mass filaments lead to a reduced
filament radius at the position of the core, we also expect
the cores to have a thinner morphology than the filament
itself.
6 DISCUSSION AND CONCLUSIONS
This work presents a numerical study on accretion driven
turbulence in filaments. Together with the results of paper I,
we have shown that, depending on inflow velocity, accretion
flows with realistic inflow velocities and observed mass accre-
tion rates can drive turbulent motions ranging from subsonic
to supersonic velocities. The major difference to the former
study without gravity is a limited filament radius and an
associated decaying velocity dispersion. Moreover, accretion
driven turbulence leads to a radial profile of the velocity dis-
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persion which is anti-correlated to the density profile, thus
resulting in a constant turbulent pressure throughout the fil-
ament and therefore to a lack of turbulent pressure support.
However, our model relies on several assumptions.
First of all, our simulations lack magnetic fields which
could suppress turbulent motions. Although magnetic fields
are thought of channelling accretion flows along striations,
density enhancements perpendicular to the filament (Gold-
smith et al. 2008; Palmeirim et al. 2013; Cox et al. 2016),
they have been shown to stabilise filament against fragmen-
tation depending on the field configuration (Stodo´lkiewicz
1963; Nagasawa 1987; Gehman et al. 1996b; Fiege & Pu-
dritz 2000b). They can act as an additional pressure support
and also suppress motions perpendicular to the field lines.
The effects of magnetic fields therefore will be explored in a
future paper.
Furthermore, while we do include an initial density per-
turbation in order to break the symmetry, our accretion flow
is very smooth. It could be that accretion is better treated by
the infall of clumpy material or even with initial turbulent
velocity distributions as in Clarke et al. (2017). Filaments
do not form in isolation and driven turbulent box simula-
tions show filaments forming as transient entities (Federrath
2016). To that end, large scale simulations with realistic in-
flows in an molecular cloud environment are needed which
are out of the scope of this work.
Observations of the massive filament DR21 show an in-
creasing velocity dispersion toward the central axis of the
filament (Schneider et al. 2010). Our models shows a de-
creasing velocity dispersion towards the centre of the fila-
ment. However, one has to take projection effects into ac-
count. While mock observations of our models do not show
an obvious increase, we also do not see any systematic drop
of velocity dispersion towards the centre of the filament ei-
ther. However, it could be that the potential of a comparison
is limited as DR21 is supercritical and probably in a state
of radial collapse.
Nevertheless, all our simulations show the lack of tur-
bulent pressure support against radial collapse independent
of inflow Mach number. This constitutes an interesting case
where turbulence does not act as an additional pressure. We
can summarise our findings as the following:
• A smooth radial accretion onto filaments drives turbu-
lent motions which are radially dominated and decay over
time.
• The turbulent pressure has a radial profile which is anti-
correlated to the density as the low density outer layers are
easier to stir.
• This leads to a constant turbulent pressure component
which does not add radial stability as the stability relies on
pressure gradients.
• We predict that cores usually form for higher line-mass
in accreting filaments ( fcyl ≥ 0.5) as only then their growth
is fast enough to outpace the collapse of the entire filament.
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APPENDIX A: NON SELF-GRAVITATIONAL
RADIUS EVOLUTION REVISITED
While we found a linear relation between the inflow velocity
and the equilibrium velocity dispersion in paper I, we could
not find a reasonable explanation for the offset of the linear
fit. As we have refined our measurement techniques and up-
dated our model, we want to discuss the implications of this
study on our previous work.
A1 Radial evolution without self-gravity
As the density inside the filament is constant in the non self-
gravitational case, we formerly modeled the radius by the
mass accretion rate (Equation 12) assuming that the mean
density inside the filament is given by the exterior density
times the square of the Mach number in an isothermal shock:
〈ρ〉fil = ρextM2a . (A1)
The mass accretion rate together with the total mass of the
filament
M = piR2L 〈ρ〉fil = piR2LρextM2a = piRLρ0R0M2a, (A2)
then leads to a radius evolution given by
R(t) = 2c
2
s t
va
. (A3)
While we found a good agreement, this does not take into ac-
count the effect of turbulence on the radius. A better model
is to consider the pressure equilibrium at the filament bound-
ary, analogous to Equation 15, supported internally by the
turbulent pressure 〈ρ〉fil σ2 and by the ram pressure ρextv2a
on the outside:
〈ρ〉fil
(
c2s + σ
2
)
= ρext
(
c2s + v
2
a
)
. (A4)
This gives the internal mean density
〈ρ〉fil = ρext
(
1 +M2a
)(
1 +M2t
) (A5)
which leads to the radius evolution of
R(t) = 2vat
(
1 +M2t
)(
1 +M2a
) . (A6)
As we have shown in Figure 4 the turbulence inside the fila-
ment is not isotropic. Thus, it is not necessarily the total ve-
locity dispersion which supports the internal pressure. Fur-
thermore, it is important to note that the hydrostatic equi-
librium is given by the turbulent pressure at the boundary.
As the non self-gravitating velocity dispersion has a similar
radial profile as shown for the self-gravitating case in Fig-
ure 5, we would need to use the boundary velocity dispersion
value in Equation A6. However, for the non self-gravitational
case, the boundary velocity dispersion is very similar to the
velocity dispersion calculated from the total filament as it
does not have a density profile. Therefore, we do not see an
anti-correlation between density and velocity dispersion and
the latter is then dominated by the largest value which is at
the boundary. We plot the radial evolution as solid red line
in Figure A1 together with the expected evolution includ-
ing no turbulent support as dashed, only radial support as
dashed-dotted and total turbulence support as dotted black
line. Compared to paper I, we improved our measurement
method of the radius by not using the largest density jump
but by using the same methodology as we do for the veloc-
ity dispersion which distinguishes filament material from the
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Figure A1. Radial evolution of a filament with a Mach 6 inflow
without gravity. The solid black line is the measured radius at
each time step. The theoretical predictions are given by Equa-
tion A6 with the full, radial and no turbulent support is given by
the dotted, dashed-dotted and dashed line respectively.
surrounding by using the drop in radial velocity. We found
that the density inside the filament can vary substantially
and the largest density jump does underestimate the fila-
ment radius. Moreover, sometimes the filament can be de-
formed, having an more elliptical formed cross-section. We
reduce the impact of this effect by using the mean radius of
two perpendicular cuts through the center of the filament.
The expected evolution follows from Equation A6 together
with the measured velocity dispersion at every time-step.
Note that the no turbulent support case is indistinguishable
from the isothermal shock radial evolution of Equation A3
for large inflow Mach numbers.
As one can see, the radius is best fitted by a support of
the radial component of the velocity dispersion. This shows
that only radial motions of the filament are important in
setting the boundary pressure against the radial inflow.
A2 Equilibrium velocity dispersion
We now want to use the information about the non self-
gravitational radius evolution to explain the linear relation-
ship we found in paper I between the inflow velocity and
the created turbulence. We measure the equilibrium value
which we plot as red data points in Figure A2. The left
panel shows the direct relationship between the inflow ve-
locity and the generated turbulence. On the right hand side
we plot the same values but squared in order to compare
the inflow energy to the turbulent energy. Additionally, we
show the values of the radial turbulence as blue squares.
The error bars indicate that not all simulations give the
same equilibrium number but different seeds in the random
density distribution result in slightly different equilibrium
values with a spread of about 10%. However, this error does
not enter our fit to the datapoints. In gray, we also plot the
data values of paper I which where calculated using the den-
sity weighted standard deviation. One can see that for low
values the differences are not huge but they become increas-
ingly larger for higher inflow Mach numbers, as discussed
at the beginning of section 4. Compared to paper I, we also
extend the range of inflow velocities to Mach 15 which is
already much greater than the expected values but serves as
an good upper limit.
The reason why in general there is an equilibrium level
in the velocity dispersion in the non-gravitational case is
due to Equation 25. If the radius is growing linearly with
time as shown in Equation A6 and if the equilibrium has
been established, the dissipation rate is constant in time
(Equation 20):
ÛEd ≈
1
2
M(t)σ3
Ld(t)
=
1
2
ÛMtσ3
(
1 +M2a
)
4vat
(
1 +M2t
) = ÛMσ3
(
1 +M2a
)
8va
(
1 +M2t
) . (A7)
If the velocity dispersion is greater than the equilibrium
value, the excess is dissipated away, if it is lower, less en-
ergy is dissipated. Thus it will settle at a value where the
dissipation is constant.
In order to compare to theoretical models we first dis-
cuss the prediction by Heitsch (2013). It assumes that one
can express the dissipation rate as a constant fraction of the
constant energy inflow (Equation 22):
 =
 ÛEdÛEa
 . (A8)
Note that  can only be constant in time for a constant mass
accretion rate if the dissipation rate is constant in time. For a
non-linear radial evolution this is not the case. Furthermore,
the model assumes that  is independent of the inflow veloc-
ity which is not necessarily true as the fraction of accreted
energy converted to turbulent motions can change with the
inflow velocity. Nevertheless, in the non-gravitational case
Equation 23 transforms to
M3t(
1 +M2t
) = 4M3a(
1 +M2a
) . (A9)
As turbulence is generated in oblique shocks on the surface
of the filament, we need supersonic inflow motions. Below
an inflow velocity of Mach 1.0 we do not generate turbulent
motions or even form a pressure bound filament. Therefore,
we shift the zero point of Equation A9 to an inflow velocity
of Mach 1.0 by effectively applying the transformationM ′a =
Ma−1. Note that this transformation only affects the energy
accretion term and not to the evolution of the radius. Thus,
the equation is now:
M3t(
1 +M2t
) = 4M ′2aMa(
1 +M2a
) . (A10)
A realistic estimate of  is expected to lie between 5% and
10% (Klessen & Hennebelle 2010) which we plot as the
dashed-dotted light blue and red lines respectively. As one
can see the curves do not fit the measured points and fit even
worse if we do not apply the transformation. The shape of
the curve cannot be matched to the data points even if we
fit different values of  . This leaves us with the conclusion
that  is only a constant in time for a certain inflow velocity
but varies with the inflow velocity.
As we clearly cannot apply the model by Heitsch (2013),
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Figure A2. Equilibrium values of accretion driven turbulence in dependence of the inflow Mach number. Both plots show the same data
points. On the left hand side we directly plot the values which we calculate from the kinetic energy. The gray data points are the values
of the density weighted standard deviation we used in paper I. On the right hand side we show the same data points with squared values
in log-log scale.
we try to fit Equation 25 directly. If we insert the evolution
of the non self-gravitational radius, it transforms to
M2t = αM ′2a −
M3t
(
1 +M2a
)
4Ma
(
1 +M2t
) . (A11)
We fit this relation in Figure A2 as solid, orange line and
get the best fitting value of α = 0.085. As one can see it
follows the data points well and has the same scaling for
large Ma. Only for low inflow Mach numbers there is some
discrepancy where the data points lie not exactly on the
relation. Therefore, our model seems to reasonably explain
the connection of accretion driven turbulence an inflow Mach
number.
Nevertheless, our simulations show that most of the in-
flow energy is lost. In the accretion process only 8.5% of the
energy is kept in the shock phase and if we convert the linear
fit to the total velocity dispersion to an energy relation, it
indicates that from this value only only about 0.182 = 3.2%
of the energy is retained in turbulent motions at equilib-
rium for large inflow Mach numbers. The energy difference
between these two values is lost in the continuous dissipation
inside the filament.
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